The mesenchymal stem cell (MSC) is a critical element in tissue repair and regeneration. Its ability to differentiate into multiple connective tissue cell types and to self-renew has made it a prime candidate in regenerative medicine strategies. Currently, the environmental cues responsible for in situ recruitment and control of MSC distribution at repair sites are not entirely revealed and in particular the role of extracellular matrix (ECM) proteins as motogenic factors has not been studied. Here we have used a standardized transmembrane chemotaxis assay to assess the chemotactic and haptotactic potential of fibronectin, vitronectin, and collagen type 1 on MSCs from both rabbit and human origin. The use of both cell types was based in part on the widespread use of rabbit models for musculoskeletal-related tissue engineering and repair models and their unknown correspondence to human in terms of MSC migration. The optimized assay yielded a greatly increased chemotactic response toward known factors such as platelet-derived growth factor-BB (PDGF)-BB compared to previous studies. Our primary finding was that all three ECM proteins tested (fibronectin, vitronectin, and collagen I) induced significant motogenic activity, in both soluble and insoluble forms, for both rabbit and human MSCs. These results suggest that ECM proteins could play roles as significant as cytokines in the recruitment of pluripotential repair cells wound and tissue repair sites. Furthermore, designed ECM coatings of scaffolds or implants could provide a new tool to control both cell influx and outflux from the scaffold post-implantation. Finally, the similarity of motogenic behavior of both rabbit and human cells suggests the rabbit is a reliable model for assessing MSC recruitment in repair and regeneration strategies. 489 
INTRODUCTION M
ESENCHYMAL STEM CELLS (MSCs) of the bone marrow are multipotential stem cells capable of differentiation into numerous connective tissue lineage including fibroblasts, chondrocytes, osteoblast, adipocytes, and myoblasts (1, 2) . Musculoskeletal wound healing at sites contiguous to the marrow is thought to involve the recruitment, commitment and differentiation of MSC into the tissue-specific phenotype (3, 4) , similar to that which occurs in embryonic skeletal development. These characteristics, together with their ease of isolation and capacity to undergo extensive replication in vitro, have made MSCs prime candidates for cell-based tissue engineering approaches that have been studied extensively (5) . Furthermore, recent report suggests that MSCs may have a broader plasticity than previously thought, and be of interest for regeneration of other organs, such as the brain and heart (6, 7) .
Although recent evidence supports the presence of circulating bone marrow-derived MSCs participating in distant wound healing, their concentration in the circulation Department of Chemical Engineering, Institute of Biomedical Engineering, Ecole Polytechnique, Montreal, Quebec, Canada. is believed to be very low and their plasticity not yet fully unveiled, with reports suggesting osteogenic (8) and fibroblastic commitment (9) . Thus, in regenerative medicine, two options remain for obtaining sufficient cell numbers at the wound site: either local recruitment of host cells or delivery of cells ex vivo. Both approaches typically involve scaffold-based bioengineering where cell recruitment can be achieved by release of chemotactic agents from migration-conducive scaffolds (10, 11) , or ex vivo cells can be directly transplanted within a scaffold as delivery vehicle (5, 12) . Local scaffold-based recruitment of stem cells is a simpler approach from a regulatory and manufacturing standpoint to facilitate eventual clinical implementation on a wide scale; however, the mechanisms by which MSCs in the bone marrow stroma leave their primary sites and move through matrices to secondary sites, distant or contiguous to the marrow, are not well understood (13) . At sites of injury, directed migration is thought to be mediated largely by soluble factors released from platelets and other cell types, sustaining chemotaxis, or movement of cells up a gradient of soluble factors (14) . The binding of these factors to membrane receptors initiates a series of intracellular molecular events leading to the reorganization of the cytoskeleton into a locomotive machinery (15) . Although many soluble cytokines (16) (17) (18) (19) (20) (21) and chemokines (22) have been recently identified as chemotactic for MSCs, much less is known about the directed motogenic activity elicited by extracellular matrix (ECM) proteins, in soluble or insoluble substrate-bound gradients, on MSCs.
ECM-cell interactions are fundamental to the control of cell distribution and cell organization in processes such as development and wound repair (23) . Binding of cells to ECM initiates a signal transduction cascade that mediates cell adhesion, proliferation, differentiation, and migration (24) . In migration, it is the traction exerted on the ECM by the cells through integrin receptors that permits movement (25) . Cells also have the ability to move up an adhesive substrate-bound gradient of ECM proteins, in a process termed haptotaxis, which is believed to be involved in metastasis (26) , and wound repair (14) and has been proposed as tool for cell guidance in tissue engineering (27, 28) . Certain ECM components, including fibronectin (Fn), vitronectin (Vn), and collagen I (Col1), play important roles in wound-healing processes (29) whereas in vitro they have been shown to induce substrate adhesion or migration for wound-healing cells that include neutrophils, macrophages, fibroblasts, and endothelial cells but not yet MSCs (14, (30) (31) (32) (33) . Integrins specific for Col1 (␣1␤1, ␣2␤1, ␣3␤1), Vn (␣5␤3) and Fn (␣5␤1) are also expressed by MSCs (34) , and these three ECM proteins have been demonstrated in vitro to modulate MSC attachment and phenotype (35, 36) . Their attachment properties have also been put to use in implant design (37) , demonstrating that scaffold-based modulation of MSC attachment and phenotype can be achieved by adsorption of serum Vn, Fn, and Col1. Despite these results and the growing interest in MSCs for tissue repair, the ability of Vn, Fn, and Col1 to induce directed migration of MSCs has never been tested.
In this study, we hypothesized that Fn, Vn, and Col1 are motogenic for MSCs and can direct cell migration by chemotaxis and haptotaxis. We have analyzed and compared cell migration indices for MSCs from rabbit and human in an optimized transmembrane assay, providing insights into interspecies differences and similarities. Rabbit MSCs were chosen based on the widespread use of rabbits models for joint degeneration and repair (38) , and on the relative incomplete information on rabbit MSC behavior in vitro. Although rabbit MSC markers are not commercially available, in contrast to human and mice markers, rabbits are a model of choice for testing numerous regenerative strategies involving scaffolds with or without MSCs in previous studies (12, (39) (40) (41) that suggest a significant role of MSCs in the repair response. The parallel use of rabbit and human cells was judged necessary on the basis of previous literature suggesting interspecies extrapolation to be misleading. The in vitro variability of phenotype markers such as alkaline phosphatase production and osteoinduction potential comparing MSCs from different species can be significant (42) , as can chemotaxis comparing mice/rat (17, 43, 44) and human (16) MSCs, using conserved factors such as transforming growth factor-␤ (TGF␤1) and fibroblast growth factor-2 (FGF-2).
The cytokines TGF␤1, FGF-2, and platelet-derived growth factor-BB (PDGF-BB) are important regulators of the spatio-temporal distribution of cells in the wound (45) and have been widely studied on various cells. Nonetheless, studies with mesenchymal cells that bear the cognate receptors (46) have reported conflicting results concerning motogenic properties, some of which can be accounted for by the use of different species, as mentioned above, but also possibly due to a lack in standards in the procedures to assay cell migration (47, 48) . The in vitro transmembrane chemotaxis assay (TCA), also named the modified Boyden chamber assay, is the assay of choice for identifying pro-or anti-motogenic compounds (49) . On the basis of preliminary results in our laboratory and reports showing strong methodology-induced variability in motogenic behavior of cells (47, 48) , we also hypothesized that this assay could be optimized to increase its resolution by examining parameters such as the use bovine serum albumin (BSA) in buffers, membrane coating, premigration cell attachment time as well as type of fixation and cell starvation prior to migration. We then used this standardized and optimized procedure to investigate the motogenic activity of ECM proteins on MSCs.
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MATERIALS AND METHODS

Rabbit bone marrow-derived MSC isolation
Cells were isolated from the bone marrow of rabbits as reported earlier (50) . Femurs from two New Zealand White Rabbits weighing between 3 and 4 kg were used separately. To isolate femurs, both legs were first shaved from the tarsal joint to the hip using an Oster Animal Clipper with a size-40 blade set. Femurs were dissected aseptically from the joint and placed in sterile HBSS-FBS (Hanks' buffered salt solution from Invitrogen, Carlsbad, CA, supplemented with 10 mM HEPES, 2% fetal bovine serum, 100 units penicillin and 0.1 mg streptomycin /ml) on ice. The femurs were then cut open at both epiphyses with a bone cutter and flushed with 10-ml syringes containing HBSS-FBS into a 100-mm Petri dish. A dispersed bone marrow cell suspension was then prepared by repeated pipetting of the cell suspension with decreasing size needles, from 18g to 23g, and the suspension filtered through a 70-m sterile steel mesh to remove remaining particulates of fat or bone and centrifuged and washed two times in HBSS-FBS. Contaminating erythrocytes were lysed in a 1-ml aliquot with 0.14 M ammonium chloride and remaining cells counted in a hemocytometer and seeded at 10 7 cells/100-mm Petri dish. Bone marrow-derived MSCs used in this study were then purified by simple adherence and identified as such on the basis of their clonogenic proliferation and fibroblast-like morphology (51) . Cells were propagated in 25-cm 2 culture flasks for colony-forming efficiency (CFE) analysis. CFE was estimated by fixing cells in the flask at day 14 using methanol for 10 min, staining with Toluidine Blue, 1% wt/vol in phosphate-buffered saline (PBS), for 5 min and counting colonies under a dissecting microscope (data not shown). Culture medium was Dulbecco's modified Eagle medium (DMEM) low-glucose (Invitrogen, Carlsbad, CA) supplemented with fresh 10% FBS (Sigma Aldrich, Oakville, ON, Canada) and 100 units of penicillin and 0.1 mg of streptomycin/ml (Sigma Aldrich, Oakville, ON, Canada).
Human bone marrow-derived MSCs
Human bone marrow-derived MSC cell lines from 2 healthy consenting donors (1 male, 1 female) were purchased from the Tulane Center for Gene Therapy (Tulane, LA) as Ϫ80°C frozen vials of pathogen-screened passage-2 primary cells. Research on human-derived cells was carried out using institutional ethics-approved protocols. According to the supplier, cells were characterized by flow cytometry demonstrating expression of cell-surface markers CD44, CD90, CD166, CD49b, CD105, CD29, CD48c, CD147, and CD59 and lack of expression of CD34, CD36, CD45, and CD117. Human cells were cultured in nondifferentiating medium consisting of ␣-minimum essential medium (MEM; Invitrogen Carlsbad, CA) with 4 mM L-glutamine supplemented with 15% lot-selected FBS (Atlantic Biologics, Atlanta, GA), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (Sigma-Aldrich, Oakville, ON, Canada). Both human and rabbit MSCs were grown in a 5% CO 2 atmosphere at 37°C, and the medium was renewed every 3 days. Cells were subcultured at logarithmic phase growth before confluence by trypsin-EDTA detachment. Cells from both human donors were used before the 9 th passage whereas those from rabbit were used before the 13 th passage.
Chemotaxis assay optimization and analysis of ECM chemotractants on MSCs
Cell migration assays were performed using the in vitro TCA, with a modified Boyden chamber having a 6.5-mm diameter, 10-m thick, porous (8.0-m pores) polycarbonate membrane separating the two chambers (Transwell ® ; Costar, Cambridge, MA). In an effort to scale down the use of expensive recombinant growth factors, we also employed a reusable 96-well migration chamber (Neuroprobe). The commonly used and simpler-to-handle 48-well chamber yielded a marked decrease in total migration (30%, not shown) and in reproducibility (not shown) and is not recommended.
Cell growth phase and starvation: Only log-phase cells were used for migration experiments. Cells were starved in 0.5% serum for 24 h prior to the assay (52) . Although we have not tested the effect of starvation in all experiments, our observations with PDGF suggest that starvation increases the reproducibility of the assay, without necessarily increasing the maximum response or the level of migration in controls (not shown). Considering the variability in serum composition between lots, and in the concentration or type of serum used for each cell type in different studies, the elimination or decrease of serum amount prior to in vitro functional studies could render outcomes more reproducible and uniform, facilitating comparison between studies.
Cell detachment: To minimize the effect of trypsinmediated cell detachment, an enzyme-free cell dissociation solution (Invitrogen, Carlsbad, CA) was tried on ice, but without success. Instead, plated cells were washed twice in this cell dissociation buffer prior to adding 0.05% trypsin, which decreased the exposure time necessary for cell detachment from ϳ5 min (when PBS was used for prewashes) to under 60 sec. This detachment method was used for all migration experiments. Soybean trypsin inhibitor (Sigma Adrich, Oakville, ON, Canada) in 15% FBS-supplemented media was then added to stop the reaction. Cells were spun and washed in serum-free media with soybean inhibitor and finally resuspended at 500,000 cells/ml in migration media consisting of the basal media appropriate for each cell type as mentioned above, but only with antibiotics as supplement and without FBS.
CHEMOTAXIS/HAPTOTAXIS OF MSCS
Cells remained in this medium inside polypropylene tubes for 30 min prior to migration.
Cell loading onto inserts: Inserts were prewarmed at 37°C inside incubators 1 h prior to adding cells. Chemoattractants (600 l) added to the bottom chambers included human platelet-derived transforming growth factor ␤1 (TGF-␤1; R & D System, Minneapolis, MN) suspended in 4 mM HCl and 0.1% BSA at 10 g/ml (400 nM) and stored as aliquots at Ϫ80°C, human recombinant basic fibroblast growth factor-2 (bFGF-2; R&D Systems, Minneapolis, MN), human recombinant PDGF-BB (R&D Systems, Minneapolis, MN), and purified cell culturetested fibronectin (Fn; Sigma Aldrich, Oakville ON, Canada, product # F4759), vitronectin (Vn; Sigma Aldrich, Oakville ON, Canada, product # V9881), and soluble collagen 1 ( Col1; Sigma Aldrich, Oakville ON, Canada, product # C8919). All chemoattractants were serially diluted to the specified concentration in the same medium in which cells were suspended for the assay.
For experiments evaluating the effect of premigration cell attachment time, 50,000 cells/well were placed in the upper well of migration inserts and incubated for 0, 1, or 2 hr before gently adding 600 l of chemoattractants to the bottom chambers. Cells were not disturbed because the bottom wells of this system are accessible without removing the cell-containing inserts.
Negative controls in all experiments consisted of filling the bottom chambers with the same medium in which cells were seeded in the upper chambers. Chemokinesis, or random cell migration toward homogeneous concentrations of soluble factors, was tested for all agents by placing the same concentration of chemoattractant in both upper and lower chambers.
Membrane coating for haptotaxis: For experiments investigating haptotaxis, the underside of the membrane was coated by floating the inserts on 600-l solutions of cell-culture-tested Fn, Vn, or Col1 in sterile PBS, pH 7.4, placed in the bottom chamber overnight at 4°C. Excess ligand was removed by blotting, and inserts were airdried upside down inside a sterile hood for 1 h before being rinsed four times in sterile PBS, and then used the same day for migration experiments. Concentrations used for coating were the same as in the chemotaxis experiment, which are in the range of other studies using similar methodology for non-MSCs (52-55).
Membranes were coated on both sides for haptotaxis negative controls (haptokinesis) by placing ECM protein solutions in both lower and upper chambers, using the concentrations eliciting maximum response for haptotaxis found in the above experiments, i.e., 20 g/ml for Fn, 10 g/ml for Vn, and 25 g/ml for Col1 in sterile PBS, pH 7.4, and incubated overnight at 4°C. Coated inserts were also used to test the effects of substrate coating on PDGF-BB chemotaxis at 1 ng/ml. In this case, both sides of the membrane were coated with Fn, Vn, and Col1 as described above. We also coated the membranes with gelatin at 100 g/ml (Sigma Aldrich, Oakville ON, Canada) and hyaluronic acid (Sigma Aldrich, Oakville ON, Canada) at 5 mg/ml and BSA at 1 mg/ml (Sigma Aldrich, Oakville ON, Canada) all prepared in sterile PBS.
Cell fixation: After 4 h of incubation, nonmigrated cells on the upper surface of the membrane were scraped off with a cotton applicator and the migrated cells on the bottom surface were fixed in 1% glutaraldehyde in PBS for 10 min at room temperature. Other fixatives including absolute icecold methanol (10 min) (43, 49) , 4% paraformaldehyde (wt/vol) in PBS (10 min) (18) , and 70% ethanol (vol/vol) (2 min) (56) were also tested for their effect on final migrated cell count. Once fixed, cells were stained with Toluidine Blue 1% (wt/vol) for 4 min, excess dye was gently removed by capillarity and inserts air dried upside down for at least 1 h at room temperature before cell counting.
Cell counting: The number of stained cells/well was counted with an inverted microscope by placing the insert on a grid-bearing coverslip (Carl Zeiss, Toronto, ON, Canada) at 200ϫ or 400ϫ magnification, depending on cell density. Random fields (4 for 20ϫ observations and 16 for 40ϫ observations) of view covering an area representing about 8-10% of the filter surface area were analyzed and cell counts averaged and extrapolated for the entire area of the filter by multiplying by the ratio between the area of fields of view and the entire insert (0.33 cm 2 ); i.e., 42.3 for 20ϫ and 165 for 40ϫ. We noted a significant increase in homogeneity of migration across the surface of each filter with the optimized procedure. Results were expressed as the percentage of total cells that migrated given the initial 50,000 total cells seeded. Cell migration was then also expressed as the Chemotactic Index (CI), consisting of the ratio of migrated cells for a particular chemoattractant to the control without chemoattractant. Because control migration was negligible, % cell migration was found to be more descriptive; however, CI was retained to compare with other studies.
Statistical analysis: All experiments were performed in duplicate with at least two separate experiments, using cells from different donors for each experiments (n ϭ 4), except as otherwise noted in figure legends. Results are presented as mean Ϯ standard deviation (SD). Statistical significance was assessed by Student's t-test with p Ͻ 0.05 considered statistically significant.
RESULTS
Rabbit bone marrow-derived MSC characterization
Adherence-purified rabbit bone marrow MSCs had a fibroblastic morphology with good adherence and colonies varying in size at 14 days post-isolation. As described previously (50) , the cytoskeleton displayed the ex-THIBAULT ET AL.
pected organization for bone marrow-derived MSCs, including hallmark actin stress fibers and vimentin morphology similar to fibroblast-like phenotypes (data not shown). CFE, the estimated colony number per inoculum, was estimated at 2 ϫ 10 Ϫ6 with an inoculum of 10 7 cells (data not shown), consistent with other studies with rabbit cells (51) . Cells derived from these colonies were used in experiments for optimization of the chemotaxis assay.
Optimization of the transmembrane chemotaxis assay
We initially examined the effect of attachment time used to allow MSCs to settle and adhere to the membrane before establishing a gradient of soluble chemoattractant (57, 58) . When no premigration cell attachment time was allowed before adding the chemoattractant in the bottom chamber, 20% of all rabbit bone marrow-derived MSCs migrated toward 10 ng/ml PDGF-BB during 4 h (Fig. 1A) . Preattachment of cells for 1 or 2 h reduced migration by 40%-60%, respectively, with only 11.7% or 7.8% cells migrated after 4 h (Fig. 1A) . With cells allowed to migrate immediately, we tested the effect of BSA at concentrations of 1% wt/vol or 0.1% wt/vol in the buffers for PDGF-BB-induced chemotaxis, a procedure that is widely used in chemotaxis studies. The use of BSA-supplemented media decreased cell migration significantly (p Ͻ 0.05) by about 65% and 90%, for 0.1% and 1% BSA solution in either chamber, respectively. The average total migrated cells was 6.8% when 0.1% BSA was used and 1.3% when 1% BSA was used (Fig. 1B) , as opposed to nearly 20% migration without BSA. Altogether, these data revealed that optimal migration (20% of total cells) over controls toward PDGF-BB was obtained with no preattachment and omission of BSA.
The method to fix cells prior to staining and counting them is yet another source of variation among chemotoaxis studies (16, 43, 56) . We found that methanol and paraformaldehyde methods of cell fixation reduced total counts of migrated cells to 10 ng/ml PDGF-BB by about 40%, whereas 70% ethanol had no effect compared to glutaraldehyde ( The effect of fixation method on counted cells was assessed after chemotaxis to 10 ng/ml PDGF-BB. Results are expressed as mean Ϯ SD (n ϭ 3) and % decrease in migrated cells for each procedure is compared to the optimized procedure using glutaraldehyde.
a p Ͻ 0.05 compared to glutaraldehyde fixation. role due to the fact that cells that have just migrated have relatively weak adhesions to the substrate (25) and are prone to disruption under suboptimal fixation. We have shown that various nonglutaradehyde fixatives perturb the cytoskeleton and provoke cell detachment from these membranes (50) . On the basis of these results, all migration experiments were performed with no premigration attachment time, no BSA added, and glutaradehyde as fixative. Time of migration was based on a previous report showing complete cell body translocation across the membranes for all cells at 4 h (50).
PDGF-BB-induced chemotaxis
PDGF-BB induced a strong chemotactic response for both rabbit and human cells, but to different levels and with a different dose-response. The PDGF-BB minimum dose to detect a significant migration was 0.1 ng/ml for both cells ( Fig. 2A) , an optimal 25% migration of rabbit MSCs was observed at 25 ng/ml, whereas human MSC chemotaxis reached an optimal maximum at 10 ng/ml with about 15% migrated cells at 4 h. Although rabbit MSCs migrated in greater numbers for all doses, the CI values for both species were very similar because migration in control samples was higher in rabbit than human MSCs. Rabbit cells in general displayed greater motility, but not necessarily an increase in chemotaxis, where both species behaved similarly. Chemokinesis controls performed with 1 and 10 ng/ml PDGF-BB in both chambers did not increase migration compared to control, indicating that the cell migration was truly chemotaxis in the presence of a gradient of soluble PDGF-BB, rather than chemokinesis.
In contrast to PDGF-BB, both TGF-␤1 and FGF-2 had no chemotactic activity (Fig. 2B,C) on MSCs from rabbit or human, at concentrations ranging from 0 to 50 ng/ml for TGF-␤1 and 0 to 1,000 ng/ml for FGF-2. Such high concentrations for FGF-2 were used based on a previous study with mice MSCs, which showed low-level chemotactic activity at 300 ng/ml FGF-2 (17).
ECM proteins induced chemotaxis
Fn, Vn, and Col1 all induced a dose-dependent chemotaxis of rabbit and human MSCs. At concentration optima ranging from 10 to 25 g/ml, these soluble matrix proteins elicited between 8% and 12% of total cells migration. The minimum dose of Fn to induce significant migration (p Ͻ 0.05) was 10 g/ml and the maximum response was at 20 g/ml for both rabbit and human cells (Fig. 3) . Although less potent than PDGF-BB, Fn induced the strongest chemotactic response in terms of percentage of migrated cells in both human and rabbit, with the CI value also the highest, but in rabbit cells only. With Fn, the rabbit MSC response was stronger than human, THIBAULT ET AL.
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FIG. 2. Specific and dose-dependent chemotaxis of rabbit and human MSCs toward PDGF-BB (A) occurred, but not toward TGF ␤1 (B) nor FGF-2 (C)
. Directed cell migration was carried out in the transmembrane assay using the optimized procedure detailed in the Materials and Methods. Results are expressed for both species as percentage of total cells that migrated (left y-axis) or as the chemotactic index that is the ratio of migrated cells for a particular chemoattractant to the control without chemoattractant (right y-axis). Negative controls without chemoattractant (0 g/ml) and chemokinesis controls using PDGF-BB in both the upper and lower chamber did not elicit migration (not shown). Results are presented as the mean Ϯ SD. (A) All concentrations of PDGF-BB above 0.1 g/ml induced more cell migration (p Ͻ 0.05, n ϭ 8) than the negative control. (B,C) TGF-␤1 and FGF-2 did not elicit any migration from any species at those concentrations tested (n ϭ 4). in both absolute (%) and relative (CI) terms, although global dose-dependence behavior was similar. The minimum concentration of Vn for significant chemotaxis (p Ͻ 0.05) was 1 g/ml and the maximum migration occurred at 10 g/ml for both species and CI behaved similarly. In the case of Col1, rabbit and human MSCs once again responded similarly, with a minimal dose of 5 g/ml necessary to induce significant chemotaxis, and with a maximum in chemotaxis at 25 g/ml. Both rabbit and human MSCs showed a rapid drop in chemotaxis at 100 g/ml. Only Col1 elicited a stronger response in human compared to rabbit, in both absolute and relative terms.
Chemokinesis was tested for each cell type, with the respective optimal concentration for each matrix protein chemoattractant placed in upper and lower chambers. Fn and Col1 chemokinesis controls showed a slight increase in migration compared to control (by about 2ϫ), although not statistically significant. These results show that ECM proteins elicit a genuine chemotactism for both rabbit and human MSCs. The lowest concentration of matrix protein required to attract MSCs was for Vn, followed by Fn, which was followed by Col1.
ECM protein induced haptotaxis
Rabbit and human bone marrow-derived MCSs migrated in a concentration-dependent manner over substrate-bound ECM proteins in the absence of soluble chemoattractant (Fig. 4) . Dose dependence was similar to that for chemotaxis towards each soluble ECM component, such that minimal doses of attached factors were needed to induce movement. As many as 25% of all rabbit MSCs migrated to insoluble Fn, nearly twice the response seen toward soluble Fn, when directly comparing soluble concentrations during chemotaxis to soluble concentrations during membrane coating prior to haptotaxis. In contrast, haptotaxis of human cells toward Fn was weaker than chemotaxis. For Col1, human cells did not respond in a stronger manner than rabbit as was the case for chemotaxis. Haptokinesis controls were also performed by coating both sides of the membrane, with the optimal concentration eliciting haptotaxis (Table 2) . In this case, the presence of ECM proteins activated cell migration, with random migration of haptokinesis controls accounting for about 50% of the haptotaxis response. Nonetheless, in all cases, the haptotactic response was significantly higher than the haptokinesis control, indicating cells are not only activated to move by ECM proteins, but directed movement is further promoted by a gradient in concentration of bound sites.
Given that haptokinesis controls demonstrated that significant random migration was elicited by contact with ECM proteins, we also tested the influence of several membrane coatings on the cell migration response to CHEMOTAXIS/HAPTOTAXIS OF MSCS 495   FIG. 3 . Dose-dependent chemotaxis of rabbit and human MSCs toward soluble RGD-containing extracellular matrix proteins Fn (A), Vn (B), and Col1 (C). Directed cell migration was carried out in the transmembrane assay using the optimized procedure detailed in the Materials and Methods. Results are given as the mean Ϯ SD (n ϭ 4) of percentage of total cells that migrated for both species. Negative controls (0 g/ml) did not elicit migration. Chemokinesis controls were performed using substrata coated with protein at optimal concentrations, including Fn (20 g/ml), Vn (10 g/ml), and Col1 (25 g/ml) in both upper and lower chambers and were found to be Ͻ0.1% migrated cells. All concentrations of Fn, Vn, and Col1 above 0.1 g/ml induced cell migration that was higher (p Ͻ 0.05, n ϭ 4) than negative controls. PDGF-BB (Table 3) . BSA was used as a protein control, whereas hyaluronan was also examined based on a recent report of a PDGF-BB-induced increase in HA receptor (CD44) expression on mouse MSCs, facilitating MSC migration on hyaluronan (59). Because we wanted to be able to detect synergistic or potentiation effects, we tested substrate-coated membranes with suboptimal PDGF-BB concentration; i.e., 1 ng/ml. Results indicated that the increase in random migration by ECM proteins Fn, Vn, collagen, and gelatin significantly decreased the chemotactic response to PDGF-BB compared to PDGF-BB alone (Table 3 compared to Fig. 2A) . In contrast, coating membranes with hyaluronic acid and BSA entirely blocked chemotaxis of MSCs from both species, whether in the absence or presence of PDGF-BB.
DISCUSSION
The primary objective of this study was to assess the chemotactic and haptotactic properties toward MSCs of extracellular matrix components present during wound repair and to compare human MSCs to rabbit, a common animal model in orthopedic tissue repair. In the course of attaining this objective, we also addressed the optimization of the TCA, resulting in a dramatic increase in the sensitivity and reproducibility of this assay. We then used this standardized assay: (1) to test rabbit cells and shed light on conflicting results with human MSCs in the literature towards TGF␤, PDGF-BB, and FGF-2; (2) to demonstrate a novel motogenic activity of Fn, Vn, and Col1 on MSCs; and finally (3) to demonstrate an overall similar motogenic behavior between rabbit and human cells.
Transmembrane chemotactic assay optimized by removal of BSA and premigration cell attachment time and use of cell starvation and glutaraldehyde fixation
BSA is an important component of serum and can act as a carrier protein and protect cells against mechanical shock and toxicity. Yet BSA is not always used in published migration assays as BSA supplemented buffers (from 0.1 to 1%) are sometimes employed (47) and sometimes not (18) without any particular stated rationale. Our results indicate that BSA inhibits chemotaxis of MSCs in the TCA, whether it is used in the cell buffer or in the chemoattractant buffer. We also found that premigration attachment time, employed in some studies with mesenchymal cell types (57, 58) , significantly reduced cell migration. This may not be surprising because it is well established that optimal migration depends on a fine balance between attachment and detachment from the substrate (25) . Although the specific processes responsible THIBAULT ET AL.
FIG. 4. Dose-response for haptotaxis of rabbit and human
MSCs toward insoluble surface-bound extracellular matrix components Fn (A), Vn (B), and Col1 (C). The bottom surfaces of membranes were coated with a step gradient of increasing concentrations of extracellular matrix proteins as described in Materials and Methods. Results (mean Ϯ SD, n ϭ 4) are expressed as percentage of total cells that migrated. All concentrations above 1 g/ml for each extracellular matrix-elicited cell migration that was significantly (p Ͻ 0.05) higher than the negative control.
for inhibiting cell migration due to BSA and premigration attachment time were not further investigated here, it seems likely that both act through modification of cell adhesion where BSA abrogates adhesion to an insufficient level to support migration whereas extended premigration attachment time creates an overly adherent state that is nonconducive to motile behavior. Our results with BSA are in accordance with others using highly motile melanoma cells (53) , showing complete inhibition of migration with BSA-coated membranes and where BSA coating of culture vessels totally prevents colony formation of MSC (34) . Taken together, these results raise concerns about the widespread use of BSA-supplemented buffers in cell migration studies. Our observations of reduced migration after longer periods of premigration culture time are also consistent with previous observations where trypsinized fibroblastic cells needed no more then 1 h to form actin-based adhesions (60) , and that such complexes, indicative of sessile cellular phenotype (61), are formed with MSCs cultured on polycarbonate membranes (50) . Such complexes could explain the relatively long migration time (up to 24 h) needed in these studies (57, 58) .
Although the migration induced by PDGF-BB is generally consistent with other studies (18, 47) , our optimized procedure resulted in increased migration of MSCs toward PDGF-BB by more than five times compared to a previous study that obtained 3% migrated cells at 10 ng/ml (47) and more than nine times a previous study that obtained a maximum CI of 6.5 with 1 ng/ml PDGF-BB (18) . To our knowledge, the level of migration of MSCs toward PDGF-BB we obtained with the optimized procedure (ϳ20% migrated cells with a CI of ϳ50) has not been found previously in any study, including those employing other mesenchymal cell types (48, 62) . In absolute terms, only with 17% migration of MSCs moving toward plasma on fibronectin-coated membranes approached this level of migration (47) Membranes were precoated with substrates on both sides as described in Materials and Methods to test the interaction effect with chemotaxis induced by PDGF-BB at 1 ng/ml. Concentrations of coating agents were 20 g/ml Fn, 10 g/ml Vn, and 25 g/ml Col1, 50 g/ml gelatin, 5 mg/ml HA, and 1 mg/ml BSA. Results in the firt two left-most columns show the percentage of migrated cells with PDGF and substrate coating by the value of respective control with substrate coating only. The percentage of optimal response ws calculated using the CI obtained here versus the CI elicited by PDGF-BB at 1 ng/ml with rabbit cells without coating (Fig. 2) of CI ϭ 49.74. Results are expressed as mean Ϯ SD (n ϭ 4, except for PDGF-BB and coating which were with n ϭ 2). Random migration in haptotaxis experiments was evaluated with haptokinesis controls, where membranes were precoated on both sides with extracellular matrix proteins as described in Materials and Methods using the concentrations eliciting optimal haptotaxis (Fig. 4) , of 20 g/ml Fn, 10 g/ml Vn, and 25 g/ml Col1. The haptotaxis ratio was calculated as the ratio of migrated cells with precoating on the bottom surface only to migrated cells with both top and bottom surfaces coated. Result are expressed as mean Ϯ SD (n ϭ 4) where a denotes p Ͻ 0.05 between haptotaxis and the respective haptokinesis control.
this migration, nearly 15%, was accounted for by chemokinesis, or random migration. Due to the general lack of detailed methodology in many previous studies, it is difficult to pinpoint the specific reasons for these discrepancies; however, BSA (47) and paraformaldehyde fixation (18) are potential factors. These results are in contrast to another report showing no activity at all of PDGF-BB on mouse MSCs (59), possibly due to a species dependence.
We found that FGF-2 and TGF-␤1 have no motogenic activity on rabbit and human MSCs coinciding with previous work on human cells (16) , suggesting that uncommitted MSCs do not migrate toward TGF-␤1 and FGF-2 and that only committed osteogenic cells respond to TGF-␤1, also in agreement with other studies (63, 64) . Although FGF-2 is recognized as chemoattractive to osteoblasts and various other wound-healing cells, mixed and usually species-dependent results have been obtained with MSCs being chemotactic at widely varying levels for mouse, rat, and chick progenitor cells (17, 43, 65) . Thus, the functional motility characteristics we found for cells in our study agree with the fluorescence-activated cell sorting (FACS) profiling of the human cells indicating that these bone marrow-derived MSCs display an uncommitted phenotype, as is the case for marrow-derived MSCs from human and rabbit in the absence of exogenous osteogenic factors (51, 66) . Furthermore, our results suggest that at least rabbit and human cells have a similar motogenic behavior, and do not display the interspecies cytokine-induced motogenic variability that has been seen when comparing mice, rat, and human MSCs for TGF-␤ (16, 43, 44, 65) , an inconsistency that has also been reflected with other nonosteogenic fibroblastic cells (48) .
Fn, Vn, and Col1 are chemotactic and haptotactic for MSCs
Cell-extracellular matrix interactions are widely recognized to play significant roles in tissue development and repair, via integrin binding and intracellular signaling that regulates many aspects of cell function, including adhesion, differentiation, proliferation, migration, and apoptosis (24) . In this study, we have demonstrated that Fn, Vn, and Col1 have the capacity to induce directed migration of rabbit and human MSCs by both chemotaxis and haptotaxis, in the absence of soluble cytokines.
Circulating progenitors are believed to be in low concentration (8) , although a recent report suggests higher concentrations than initially thought can be present (67) . Moreover, emerging evidence suggests the ontogeny of the quintessential wound fibroblasts may originate from bone marrow MSCs, and not from local recruitment and proliferation as initially proposed (9), opening new questions on environmental cues and mechanisms involved in the recruitment of MSCs in tissue repair sites noncontiguous to the marrow. Our result suggests soluble ECM proteins could play a role in MSC recruitment by inducing directional migration toward sites of injury or regeneration in a similar fashion as cytokines (18, 19) . This is in accordance with the fact that in the wound, the concentration of these proteins can rise several fold, derived from several sources including plasma exudates, platelet degranulation, synthesis by local cells such as macrophages and fibroblast, and proteolysis from the provisional matrix or surrounding tissue (68) (69) (70) . The ability of these ECM components to chemoattract MSCs would also agree with their accepted recruitment of other cell types involved in the wound, from neutrophils and macrophages (30, (71) (72) (73) , to fibroblasts and epithelial cells (31, 49, 74) . Combined with in vivo studies, these in vitro results could also shed light on the temporal sequence in which MSCs appear in wounds, which is not completely understood, but which proposes that MSCs arrive at stages following inflammation and leukocyte wound clearing (3, 9, 11, 75) .
The ability of substrate-bound ECM proteins to sustain directed movement was also demonstrated in our study, with results on Fn, Vn, and Col1 similar to haptotaxis obtained with mouse embryonic fibroblast (76) or rabbit chondrocytes with Fn and Col1 (77) . Haptotaxis to a specific protein is closely associated with the corresponding specific integrins (14) , and, in this respect, the smaller response initiated by Vn is in line with the relative smaller expression of its receptor compared to Col1 or Fn on MSCs (36) . The motogenic response elicited by the insoluble form of these proteins is a new complement to other documented responses initiated by Fn, Vn, ad Col1 on MSCs, such as promotion of cell adhesion and spreading (34, 35) , and, for Col1 and Vn, osteogenic induction independent of soluble agents such as TGF-␤ or dexamethasone/B glycerolphosphate (35, 36) .
Insoluble ECM proteins also initiated random migration, as seen with membranes coated on both sides, which accounted for about 50% of all haptotaxis responses. An increase in random migration on ECM-coated membrane has been demonstrated elsewhere with fibroblasts (48) and also MSCs (47) . Many chemotaxis studies with soluble cytokines coat membranes with ECM proteins, a practice that our results suggest may not be beneficial for MSC chemotaxis, since the chemotactic index to PDGF-BB was reduced due to increased migration from the coating itself. However, the locomotive activation elicited by these ECM proteins nonetheless reflects a primary function of wound matrices: to provide a scaffold that promotes cell recruitment and movement (14) . Because MSCs (78) are known to synthesize and deposit Fn and collagen in vitro, it is plausible that through de novo synthesis and deposition of these ECM proteins, these cells THIBAULT ET AL.
remodel the matrix wound to favor MSC migration, a process suggested for other cell types (79, 80) . Collectively, this novel finding of ECM-induced MSC-directed migration, considering the number of new studies dedicated to the discovery of motogenic factors for MSCs, constitutes a pertinent contribution to the understanding of MSC motile behavior and on the multifunctionality of these ECM components. These results may lead to the implementation of these novel strategies in regenerative medicine.
The use of ECM-derived peptides for creating cell instructive scaffolds has already proved beneficial in bone defects when used alone (81) , or in combination with cytokine delivery (82); however, patterned motifs in the form of insoluble gradients have yet to be tested in an orthopedic context. Recent technical advances in surface micropatterning has made possible the generation of tightly controlled gradients of various extracellular matrix molecules, which have been used to direct neuronal growth (28, 83) and angiogenesis (84) , suggesting haptotaxis using these proteins could serve as a tool to control the distribution of transplanted MSCs in scaffold-based strategies. MSC-seeded scaffolds could be engineered to induce the release of transplanted MSCs into the wound, a limitation in many cell-based strategies (85) . Alternatively, outside-in gradients could be used to improve scaffold-tissue integration, another common limitation in tissue engineering (86) , by promoting surrounding cell and tissue infiltration by haptotaxis. Moreover, cell recruitment strategies with drug delivery systems could employ soluble ECM proteins, rather than cytokines.
The dual action of extracellular matrix proteins to induce chemotactic and haptotactic cell migration has been demonstrated with other cell types where many investigators propose different sets of receptors and/or separate structural domains of the proteins (53, 77, 79) for each type of migration. Here, as opposed to cancer cells, where the impetus to find migration blocking agents has prompted this kind of research, (52-54,79), we have not investigated the underlying mechanisms and receptors responsible for the observed motility, which can be viewed as a limitation of this study. Instead, we have identified new factors, optimal doses, and assay refinements that provide insights on the density and distribution of extracellular matrix proteins for biofunctional scaffolds that could harness the potential of MSCs for tissue regeneration and other therapeutic applications.
